INTRODUCTION
The efficacy of fertilization is mainly influenced by the functional status of the sperm. Prior to fertilization, the mammalian spermatozoa undergo the process of maturation (capacitation) that renders it competent to fertilize the oocyte. The course of maturation accompanies a cascade of biochemical events which occur in the female genital tract immediately after ejaculation. Capacitation is the hyperactive state of the sperm which allows it to step forward to another physiological maturation; precondition of acrosome reaction. Acrosome reaction is the advanced step to fertilization and involves alterations to the acrosomal cap region of the sperm. Thus, the significance of the sperm is evaluated on the basis of capacitation and acrosome reaction. Different events occurring in the male reproductive system contribute to the composite route of fertilization leading to early embryonic development (1) . Mature spermatozoa are specialized vehicles, which enable the transport of chromatin made up of DNA and its associated proteins to the oocyte. Sperm simultaneously protect the competent paternal DNA and ensure its successful delivery, thereby, making sure that the DNA is informative to the future embryo. The early embryogenesis and gametogenesis junctures as well as gene expression at tissue Multi-omics and male infertility: status, integration and future prospects Ashima Sinha 1 , Virendra Singh 2 , Savita Yadav 
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In the growing modern society, infertility concerns about 15-20% couples of the reproductive age and in the Indian scenario, about 15-20 million cases are seen yearly. About one-third of these cases involve male infertility (3, 4, 5) . Infertility is a state of heterogeneous etiology comprised of irregularities in multiple genes and their interactions with each other. Nevertheless, ample research in this arena is unable to answer for the reason behind the underlying cause of the male infertility. The exact cause is still unexplained, but reports in the literature reveal alterations in both transcriptome and proteome (2) . Cytogenetic abnormalities (eg, Klinefelter syndrome), Y chromosome deletions and monogenic disorders like cystic fibrosis account for only up to 30% of cases (6, 7) . Besides this, male factor infertility has been found to be linked with some rare X-linked copy number variations (CNVs), autosomal deletions, Y-linked syndromes, DNA repair mechanism defects, and some single nucleotide polymorphisms (SNPs) (8, 9, 10, 11) . The decisive role of epigenetics in fertile sperm production, embryo development and assisted reproduction is evident in a number of studies (12) . Similarly, alterations at the protein level have also been discussed in numerous reports in the literature. The 'Omics' revolution modernized biomedical research by its forte of studying whole genome, transcriptome, proteome, metabolome simultaneously. The switch from 'molecular biology' to 'modular biology' with different biological processes as the defined modules has enabled the study of them as complex systems of functionally interacting macromolecules which are interconnected. Simultaneous valuation and analysis of these multi-omics datasets delivers a holistic outline of biological systems in both physiological and clinical states. The reduced cost and time affiliated with this high-throughput integrated approach has enhanced its applicability in varied arena of biological sciences, ranging from cancer to reproductive biology. All this necessitates the requirement of an integrative method which responds to this dynamically changing transcriptome and proteome, thus providing information about the role of individual components of the biological system (13, 14) . These 'omics' techniques have revolutionized the means of probing the different 'omes', thus providing essential information about the grounds of male infertility. The importance of these independent multi-omics datasets has been upgraded by the integration of these datasets. Association of epigenetic mechanisms, viz., abnormal DNA methylation, various histone tail modifications and the role of short non-coding RNAs with male infertility condition is supported by several studies in the literature. Collectively, the epigenetic and genetic modifications, which regulate the transcriptome and proteome, and phenotypic alterations, altogether provide an opportunity for a systems biology approach to evaluate the normal and abnormal physiology. Therefore, in the present review we intend to compile the information revealing the current status of 'omics' data with special reference to male infertility and integration of this multi-omics data with other molecular attributes related to male infertility, so as to gain more insights into its fundamental explanation.
EPIGENOMICS

Outline of epigenetic mechanisms and their regulation
The genetic information of an individual programmed within the nucleotide sequence of the organism's DNA describes the genome of that entity. On the contrary, the term "epigenome" denotes the amendments in gene expression due to modifications in DNA and histone structure without altering the DNA sequence. Epigenetics is defined as ''the study of mitotically and/or meiotically heritable changes in gene function that cannot be explained by changes in DNA sequence'' (15) . It includes the cellular and physiological changes which are independent of the alterations in the DNA sequence. Gene expression is reliant on the mode in which DNA is enfolded around the histones as transcriptionally active regions bound loosely; conversely, tightly compacted regions of DNA behave as transcriptionally silent areas. Thus, the crosstalk between the histones and the DNA, scientifically defined as epigenetics, is imperative to decide the time specific and cell specific expression of genes (16) . The genetic code is thus inert, and does not change in every cell for an organism's entire life hence defining the stable phenotypic characters of an individual. Alternatively, the fluidity in the phenotype relates to the dynamics associated with the epigenetic code as it modifies according to the environment and other factors. Owing to the dynamics, these epigenetic modifications can be discovered as remedy objects for a number of diseases (16) . The phenotype of an organism is governed by the epigenetic signatures present on the cell, which in turn reflects their developmental history and also explains that it is gene action and expression that give rise to the phenotype (17). The genome-wide approach to studying epigenetics is defined as epigenomics. The accessibility of the DNA is regulated epigenetically, since a definite set of genes are active at a particular stage of © 1996-2017 development. Several biological processes are under strict epigenetic regulations, and spermatogenesis is one of them.
Epigenetic mechanisms of regulation include histone tail modifications at some specific amino acid residues, DNA methylation at the CpG site, small noncoding RNAs (nc RNAs) and chromatin remodeling. Histones, viz., H2A, H2B, H3 and H4 are the basic proteins packaging the nuclear DNA into the fundamental unit of nucleosomes. A post-translational modification of these histone proteins serves to be an epigenetic check in the male sperm cell which regulates the gene expression. The major alterations among the list include acetylation, methylation, phosphorylation, and ubiquitinylation at lysine, threonine, arginine and serine sites (18, 19). All these changes alone or in concert take part in maintaining the structural integrity and function of the chromatin by regulating its conversion from active to inactive state (18). The impact of these modifications on the transcriptional status of genes depends on the kind of modification and the type of amino acids involved (20).
Another means of controlling gene function epigenetically is methylation of cytosine in the CpG dinucleotide clusters, well known as CpG islands. Within the CpG islands the number of this methylated cytosine is erratic. CpG islands are defined as a DNA sequence of > 500 bp with G+C content > 55% and CpG frequency of >0.6. (observed to expected ratio) (21, 22). They play a significant role in controlling the transcriptional status of a gene. CpG methylation results in altered chromatin condensation which causes the loss of access of transcription factors to the DNA, thereby resulting in stable heritable silencing of the gene expression (23). Another means of epigenetic regulation is chromatin remodeling, which is an ATP dependent process in contrast to the former mechanisms centred on covalent interactions. The energy from the hydrolyzing ATP modifies the structure of the nucleosomes changing the availability of genes for transcription, thus switching on or off the gene expression (24). The remodeling of the chromatin can cause the DNA to twist, spool or bulge accordingly, thus allowing the transcription factors to act accordingly causing the gene to express or remain silent (25).
Small ncRNAs are present in the sperm nucleus and represent another mechanism of epigenetic check (26). The ncRNAs of 20-24 nucleotides are typically characterized by two distinct features viz., presence of high number of stop codons and absence of open reading frames thus not coding for any protein (26). These ncRNAs include the microRNAs (miRNAs), which act by base pairing with the complementary sequences within the mRNA resulting in the silencing of that gene (27).
Epigenetic transformations in sperm chromatin during spermatogenesis
In order to maintain this status of being a specialized cell, the spermatozoa undergoes a sequence of epigenetic modifications which check that the delivered DNA is not fragmented and is informative to the future embryo. Spermiogenesis is the haploid phase of spermatogenesis, which involves the differentiation and maturation of the meiotically separated spermatids into round flagellated cells containing compact nucleus without nuclear activity. In order to attain normal fertilization potential, the sperm DNA undergoes a sequence of dramatic alterations in its structure throughout spermatogenesis. DNA condensation is the most prominent and imperative event in the male germ cell and is also highly evolutionarily conserved (28). The compaction of the chromatin is a crucial event as it guards the sperm from the oxidizing environment of the female reproductive tract and also serves a vital role in relation to sperm motility (29). The reorganization of the sperm DNA into protamine rich chromatin renders it highly condensed character, where 90-95% of the histones are replaced by small basic nonhistone protamines (29). Initial alterations include the substitution of histones with histone variants (including testis-specific histone 2B), the most abundant histone variant found in mature sperm (30). Parallel to this, other histones undergo acetylation, thus eliciting successive cascade of events of protamine replacement (31). In the next step of chromatin condensation the hyperacetylated chromatin loosens and histones are replaced by more basic transition proteins (TP1 and TP2). The final event for chromatin compaction includes the substitution of these transition proteins by highly basic proteins called protamines (P1 and P2). The nuclear packaging proteins protamines, which are expressed during spermatogenesis have high arginine content and form intermolecular disulfide linkages between the cysteines, thus making the sperm chromatin 6-20 times more tightly packed than the somatic cell chromatin (32, 33). Protamination serves to be a form of epigenetic regulation in the sperm cell as after DNA compaction no more nuclear activity occurs in the cell. Although, 90% of DNA is packaged in toroidal structures, still 5-10% of it remains histone bound (34) and the post translational histone modifications store the epigenetic information needed to regulate the transcription in the silent nucleus of the sperm (35).
DNA methylation and male infertility
In humans, there are two copies of the genome in the autosomes inherited from either of the parents. The genetic information of the parents is inherited completely whereas the epigenome experiences thorough reprogramming at the primordial germ cell (PGC) stage (36). Genomic imprinting is © 1996-2017 an epigenetic regulatory mechanism which guides the expression of certain parent specific genes. This reprogramming function via DNA methylation which tend to 'imprint' or 'silence' one allele, thus causing the expression of only one allele in an embryo in a parent-of-origin-dependent manner (37). The episode of genomic imprinting occurs before fertilization during the gametogenesis phase. Methylation status of the paternal and the maternal alleles differ as majority of the imprinted genes contain differentially methylated regions (DMRs) (38). As an example, in the insulin-like growth factor 2 (IGF2/Igf2) gene only the allele inherited from the father is expressed as the maternal allele is imprinted (silenced) by methylation. The expression of the imprinted genes is strictly an epigenetic mechanism as the activity of the transcription factors present in the nucleus cannot be judged since both silent and active promoters are present in a single nucleus (37). The phenotypes of the imprinted genes are vulnerable to both genetic and epigenetic alterations owing to the parent-of-origin dependent gene expression and are frequently found to be associated with several diseases related to development, cell growth and behaviour (37).
Both sperm function and post fertilization embryo development are dependent on the appropriate functioning of the epigenetic processes, and any aberration in these result in altered fertility status and also embryo development. DNA methylation at the CpG sites is one of such epigenetic mechanism. Although hypomethylation in the gene regulatory regions is linked to transcriptional activation, in testis hypomethylation is accounted in nonrepetitive, nonCpG sequences outside gene promoters (39) . Unique patterns of DNA methylation are revealed in the testicular tissue and also genome-wide studies report that testis DNA is eight times more hypomethylated than the somatic tissue (39) . Several studies from the literature, both global or target specific, hint towards a possible association of improper DNA methylation and atypical semen profiles as well as pregnancy failure (40) .
Whether abnormal spermatogenesis is the outcome of imprinting errors was judged in a study involving two oppositely imprinted spermatozoal genes, H19 and MEST in men with low sperm counts (41) . The findings illustrated that oligozoospermic males are susceptible to these imprinting errors (41) . Since then several reports in the literature have come into being signifying the role of impaired methylation in the DMRs of imprinted loci for men with unexplained infertility (42, 43) . The practicability of the whole genome DNA methylation or of larger regions lays in the development of large-scale DNA methylation detection technologies. The global sperm DNA methylation level was first of all analysed by Houshdran et al using genome wide array analysis (44) . The study revealed that poor sperm quality, decreased sperm concentration and low sperm motility were associated with increase in DNA methylation levels at several sites. It was inferred that broad epigenetic defects in these abnormal semen parameters were the outcome of errors in the erasure machinery during epigenetic programming in the male germ cell line (44).
Global DNA methylation status in Oligozoospermic and Asthenozoospermic (AS) infertile males
A recent case control study investigated genome-wide discrepancies in the CpG promoter methylation regions among the low and high motile sperm cells from AS infertile patients and normal control individuals (45) . The authors assessed both inter as well as intra-individual methylation inconsistency and confirmed that DNA methylation (both global and targeted) was relatively stable between and within the normal fertile and AS infertile individuals (45) . Moreover, comparison of DNA methylation status revealed 34 differentially variable CpGs (DVCs), 134 differentially methylated CpGs (DMCs) and 41 DMRs linked with AS. Lastly, a catalog of 16 genes, which potentially affect the functions of the sperm via variations in DNA methylation, was proposed by the authors. Of these, seven genes were related to sperm motility and spermatogenesis, whereas the others were expressed in the testis (45) .
In another recent genome-wide study, Urdinguio and co-authors discovered 2752 CpGs showing anomalous DNA methylation profiles in genomic sperm DNA of individuals with idiopathic infertility. Importantly, these DMCs were appreciably allied with CpG sites which are exclusively methylated in sperm in contrast to the somatic cells (46) . Additional findings of the study suggested a statistically significant (P < 0.0.01) integration between hypomethylation and corresponding regions in the somatic cells, which are supplemented with suppressive histone mark H3K9me3. Moreover, contrastingly the DNA regions enriched in H3K4me1 and CTCF were hypermethtylated, thus concluding for a locusdependent relationship between chromatin context and abnormal sperm DNA methylation in infertile men. Furthermore, the DNA methylation patterns at numerous repetitive sequences (LINE-1, D4Z4, NBL2, Alu Yb8) was found lesser in sperm cells than in the somatic cells (46) . Sperm global DNA methylation, along with other parameters of DNA fragmentation and chromatin integrity were assessed in a cohort of oligoasthenozoospermic patients with defects in sperm count and motility (47) . Global sperm DNA methylation levels were measured by quantifying 5methylcytosine levels and were compared with the different sperm © 1996-2017 parameters. The results of the study elucidated a direct correlation between DNA methylation and sperm concentration: low level of methylation in oligozoospermic males than normal. Also, low levels of global DNA methylation were seen in men with severe AS (<20% progressive motility) followed by no significant connection between sperm morphology and methylation (40) . Furthermore, the investigators assessed methylation at DMRs of two imprinted loci H19 and Peg1/Mest. The results indicated hypomethylation at 16.7.% of the oligozoospermic patients at the H19 loci with no major changes in the DMRs of Peg1/Mest loci. Lastly, effect of global DNA methylation on the chromosome integrity and DNA fragmentation was looked into and a reverse association between these parameters was found. Overall outcome of the study emphasize that both locus specific and global sperm DNA methylation are important tools to mark testicular function and spermatogenesis (47) . Therefore, unexplained male infertility could be revealed by analyzing global methylation profiling with array based and next generation sequencing based technologies.
GENOMICS AND MALE INFERTILITY
In the post genomic era when the whole genome has been sequenced, analyses of thousands of biological molecules in one go is the award of the present day 'omics' technology. The universal line of approach of these 'omics' technologies aims at the non-targeted and nonbiased detection of the gene products (transcripts, proteins and metabolites) (48) . Exploitation of the genomics tools for in depth knowledge of male infertility related events is solely rational as later is addressed by faults in different processes like spermatogenesis, sperm motility and morphology. Since all these developments in the male gamete are tightly regulated, genomics can be helpful in unraveling the molecular targets and the networks sequentially involved in these episodes (49) . Genomic techniques are broadly classified into array based and sequencing based methods, which are extensively used to demarcate the genetic associations and the variations in the complex diseases.
Aston and Carrell did the first genome wide association (GWA) study in Caucasian individuals, largely of Northern European descent and cross examined about 370,000 single nucleotide polymorphisms (SNPs) in men with azoospermia and severe oligozoospermia phenotype. The authors documented an association of 17 SNPs with azoospermia and 4 SNPs with oligozoospermia phenotype. SNPs rs10848911, rs10841496, rs2290870, rs1545125, rs4484160 and rs3105782, were established in the intronic region and in close proximity to the gene (50) . The genes linked with these SNPs were EF-hand calcium binding domain 4B (EFCAB4B), phosphodiesterase 3A (PDE3A), ATPase, aminophospholipid transporter, class I, type 8A, member 1 (ATP8A1); cordon bleu homolog (COBL); prokineticin 2 (PROK2), and mannan-binding lectin serine peptidase 1 (MASP1) respectively (50) . The investigators further extended this pilot study along with other SNPs associated with male infertility. In this follow up investigation the authors used the Illumina Bead Xpress platform and finally scrutinized 172 SNPs in men with abnormal sperm count, viz., oligozoospermia or idiopathic azoospermia. Significant SNPs in testis expressed 15 (TEX15), lysine-specific demethylase 3A (JMJD1A), bromodomain testis-specific (BRDT), and fas ligand (FASLG) genes related to spermatogenic failure were found in the study. Consequently, SNPs in TEX15, BRDT and JMJD1A resulted in conservative amino acid substitutions, whereas the SNP in FASLG is a noncoding SNP positioned in the promoter region. Notably, this follow-up study signifies that spermatogenic failure in the Caucasian men is not the outcome of single common SNP, rather interplay between a number of SNPs in significant proportion of cases (51) .
A GWA study revealed that variants within the HLA region are allied with susceptibility for nonobstructive azoospermia (NOA) in Han Chinese males (52) . Another three stage GWA study done in Han Chinese men with NOA discloses associations with common variants near PEX10 (rs2477686 at 1p36.3.2), SOX5 (rs10842262 at 12p12.1) and PRMT6 (rs12097821 at 1p13.3.). The study has suggested the role of genetic variants at 1p36.3.2, 12p12.1 and 1p13.3 in the etiology of NOA in the Han Chinese population (53) . The same group of investigators further identified susceptibility loci at 6p21.3.2 (rs7194), 10q25.3 (rs7099208), 6p12.2 (rs13206743) and 1q42.1.3 (rs3000811) in Han Chinese men with NOA (54). The above mentioned three risk loci (rs12097821, rs2477686, and rs10842262) in NOA of Han Chinese population were later repeated in a follow-up study in Japanese population by another group of researchers (55). Any noteworthy involvement of the two SNPs rs12097821 and rs2477686 in PRMT6 and PEX10 genes in NOA was not established from the results, although rs10842262 in the SOX5 gene was found to be meaningfully related with the infertility phenotype (55). An interesting GWA observation published by Kosova et al discovered the genes that manipulate normal fertility in humans. Authors examined two fertility behaviours (family size and birth rate) in a population of 269 married men of European descent that disallows contraception and has large family sizes (56) . In another GWA study nearly 250,000 autosomal SNPs were inspected to evaluate their relation with the discussed fertility traits and among them a total of 41 SNPs for either trait were selected for a validation study. A total of 123 ethnically unlike men from Chicago who had undergone semen analyses were recruited for the validation of the GWA results. Amongst them 9 SNPs were found associated with reduced fertility, which are reported to be coupled with one or more © 1996-2017 measures of reduced sperm function and/or quantity. The candidate genes corresponding to one or more SNPs among the nine associated loci for male fertility included UBD and EPSTI1, which have probable role in innate immunity; USP8, a crucial deubiquitinating enzyme having function in acrosome assembly and LRRC32, encoding for a latent transforming growth factor β (TGF-β) receptor on regulatory T cells (56) . The same candidate loci (rs7867029, rs7174015, rs12870438 and rs724078) as addressed by Kosava et al were challenged later in a study done in Japanese population by Sato and colleagues. (57) . However, authors found noteworthy association of only three SNPs (rs7174015, rs7867029 and rs12870438) which could probably be a susceptibility factor for male infertility in Japanese population (57) . SNPs association is a population specific phenomenon as reported by Chihara and co-investigators. Authors reported no association of four SNPs (rs5911500, rs10246939, rs2059807, and rs11204546) with male infertility in Japanese patients as previously found associated with European population (58) .
In addition to the genetic polymorphisms studied by the genetic tools, rare copy number variations (CNV) have been identified across the genome. The clinical importance of these CNVs is in native stage and a lot of replication studies are needed to be done to pay impetus to their role in male infertility related issues. Recently, CNVs have been identified in 11p11.1.2, 14q11.2., 16p12.2., 15q11.1.1, 21q22.3., 6p21.3.2, and 13q11 genomic locations, which may involve gene mutations or modifications in genetic structure and function. The deviations may lead to spermatogenic failure by altering the gene expression in testicular tissues. The associated genes include EDDM3A, EDDM3B, NPHP1, NRG1, HLA-DRB1, COX10, MAK, HLA-DQA1, POTE B, GOLGA8C, RID2, ADAMTS20, DNMT3L, ALF, TWF1, and DNEL1 (59) . CNVs in the PAK3, TRCP5, H2BFWT, PLEC, TSPAN7 loci have been found not only in men with Sertoli-cell-only syndrome (SCOS), but also in either patients with XY gonadal dysgenesis or premature ovarian failure (POF). Also the authors suggested that both spermatogonial loss in the male as well as loss of oogonia in the female have a common genetic origin (60) . Recently, connection between CNVs and meiotic arrest and azoospermic phenotype was studied in Australian men (61) . Two CNVs containing the MYRIP, LRRC4C genes and the long noncoding RNA LOC100507205 were found associated with azoospermic men having meiotic arrest. All the three genes were reported to be transcribed in the human testis, and MYRIP and LRRC4C localized to meiotic cells (61) . This data pays emphasis to the use of CNVs as diagnostic tool for genome profiling.
With the help of high resolution X chromosome specific array-CGH, Krausz and co-investigators examined X-linked genetic factors in men with variable sperm count in male infertility followed by the analysis of selected, patient-specific deletions in large groups of controls and cases. The investigators reported 12 patient-specific deletions with probable clinical inference, and found that the patient phenotype had significantly higher deletions as compared to controls (62) . Additionally, cancer testis antigen gene family members, which are the new genetic targets for altered spermatogenesis, were found as most frequently affected genes in men with variable sperm count (62) . A different report suggested that rare Y-linked duplications alter a man's susceptibility for idiopathic spermatogenic impairment by 88%, rare X-linked CNVs by 29%, and rare autosomal deletions by 10%. Functional mutations in the DMRT1gene were also suggested as a risk factor and potential genetic cause for human spermatogenic failure (63) .
Various researchers have also inspected the sperm transcriptome using these genomic tools, thus reporting a number of genes and the various pathways affected in infertile patients (64, 65) . The differential transcripts were related to testis specific genes (TCP11, TESK1, TSPYL1, ADAD1), heat shock proteins (DNAJB4, DNAJB14), and Y-chromosome genes (DAZ1, TSPYL1) in low sperm motility patients (57) . In oligozoospermia, genes involved in DNA repair, oxidative stress, histone modification, and spermatogenesis were found to have reduced expression (65) . An integrome analysis of DNA methylation and gene expression in low motility sperm revealed nearly 20 differentially expressed transcripts viz., SIRT3, DNMT3A, HDAC1and also that 80% of the loci were hypomethylated (66). Transcriptome study of the sperm has screened a number of RNAs expressed in a particular stage of spermatogenesis, which can be further selected to study differences in their abundance in the infertility condition (67) . Comparative examination of miRNA expression profile from three different infertile population viz., AS, teratozoospermia and oligozoospermia explored the differential status of the miRNAs (68) . The hsa-miR-629-3p was found correlated with sperm motility, hsa-miR-34b-3p with age, and hsa-miR-335-5p, hsa-miR-885-5p, and hsa-miR-152-3p with sperm concentration (68) . The differential miRNAs were predominantly localized in the introns, affecting the genes pertinent to spermatogenesis, thus proving the hypothesis that miRNAs have a role in spermatogenesis (68). Abhari and colleagues in two successive studies reported that the expression of estrogen receptor α and β subunits is regulated by different miRNAs, and it is impaired in the oligozoospermic state (69) . In another report five miRNAs (hsa-miR-34c-5p, hsa-miR-34b*, hsa-miR-34b, hsa-miR-429, and hsa-miR-122) were confirmed and validated in different sets of patients with different forms of spermatogenic impairments © 1996-2017 (subfertile and NOA) and control subjects (70) . The same group previously scrutinized variance in different miRNAs in AS and oligoasthenozoospermic patients (70).
PROTEOMICS AND MALE INFERTILITY
As the cellular functions are entirely delineated by the proteins, the information revealed by the genomic experiments is not the mirror image of the exact situation. Also, it is not mandatory that changes at the mRNA level are entirely replicated at the protein levels as proteins up or down regulate without corresponding changes in the mRNA abundance. Proteins also exhibit post translational modifications, which allows them to interact with their partners. As many proteins and peptides undergo disease specific changes the major domain of these 'omics' technologies revolve around the biomarker discovery to understand the pathophysiology of the disease. Downstream to the biomarker identification the functional and structural information revealed by proteomics can be used to identify preventive therapeutic targets (48) . The precise compositional, morphological and functional aspects allied with the human spermatozoa imparts it the quality of being an extremely specialized cell in comparison to other somatic and germinal cells. Being the end product of spermatogenesis, sperm exhibits huge variations in its genetic, cellular, and chromatin structures. These variations permit them to control fertility/infertility, embryo development, and heredity (71) . Mature spermatozoa are incapable of protein synthesis as they are transcriptionally and translationally silent. Additionally, relatively higher amounts of membrane proteins are present in spermatozoa as compared to other cells. Both the genetic and epigenetic information of the paternal parent is carried to the next generation through the sperm. Last but not the least, the easy accessibility of the spermatozoa aids in purifying it in higher concentrations in both native and functional states (capacitated, noncapacitated, and acrosome reacted). All these traits make sperm particularly acquiescent for proteomic studies. Assessment of post testicular alterations and understanding of different physiological and pathological aspects of sperm is still inadequate due to the restricted capability for biosynthesis in the spermatozoa. Moreover, the readily available genome sequence, which is supposed to be preliminary for understanding the cellular and molecular functions in health and disease conditions, does not answer to the queries at the protein expression level. Consequently, transcriptome analysis as a method of choice is restricted and for that reason the discovery of the biological display of the human genome, as well as the physiological functions of each protein, should be understood first (72) . The structural and functional aspects of proteins can be studied by proteomics. Recent studies of spermatozoa from the proteomics viewpoint have elucidated different sperm proteins accountable for the regulation of normal/defective sperm functions. Latest reports reveal several spermspecific proteins involved in a plethora of sperm processes. Additionally, sperm proteome analysis via proteomics tools has established the importance of spermatozoal post-translational modifications and their ability to induce physiological changes responsible for fertilization (71) .
The relevance of anti-sperm antibodies (ASA) in the fertility status has been reported in the literature. But very few studies have revealed the targets of these antibodies. Considering the fact that obstructive azoospermia (OA) patients have more ASA than other infertile group, Zangbar et al recently targeted OA patients to screen the targets of these ASA (73) . Mass spectrometric analyses revealed tektin-2 (TEK2) and triose phosphate isomerase (TPI) as the two protein targets for the ASA. ASA against TEK2, a flagellar protein and TPI, an acrosomal protein, affects sperm motility as well as acrosome reaction, thus leading to infertility (73) . Anomalous semen parameters are the most common cause of male infertility as reported in the literature. Abnormal morphology (globozoospermia), reduced motility (AS) and reduced number of sperms (oligo/azoospermia) are other probable causes of male infertility. Most commonly the sperm proteomics studies are patient centric dealing with aberrant semen analysis with low sperm motility (AS) condition majorly studied. Several investigators have analyzed through proteomics a number of proteins deranged in low sperm motility condition. Comparative studies using shotgun proteomics approaches have evaluated pathological conditions at the proteome level and displayed a whole lot of proteins that are differentially expressed in these infertile conditions (74, 75, 76, 77, 78, 79) . Gel based approaches rely on the separation of proteins followed by mass spectrometry based identification of the altered proteins. Relative human sperm tail proteome study has revealed unique proteins which can be useful to set targets for male contraceptive development, to diagnose the sperm dysfunctions, and to predict embryo quality (74). Identification of prostate and testis expressed 1 (PATE1), a protein common in aging men and young AS concluded that the molecular basis for the declivity of the semen quality in both the groups is the same (75) . Varicocele, a common cause of male infertility was the subject of study in a recent proteomic analysis to understand the underlying pathophysiology of the condition. As a result the gel based proteomic analysis revealed proteins related to spermatogenesis, sperm maturation, capacitation, acrosome reaction and sperm motility. Functional annotation analysis confirmed the involvement of apoptotic and signal transduction pathways in the varicocele group. Cysteine-rich secretory protein 2 precursor (CRISP2) and arginase-2 (ARG2) were the exclusively expressed proteins in the varicocele patients, thus proving the utility of the mentioned pathways in the varicocele related male infertility condition (76) . Several studies are reported in the literature reviewing the status of expression of proteins related to low sperm motility condition (77, 80, 81) .
In modern day proteomics high throughput peptide quantification has replaced the gel based methods by employing both labelled and label free peptide quantification (2, 80, 82, 83, 84, 85) . Using modernday label free peptide quantification, Liu et al studied obesity induced changes in low motile spermatozoa isolated from AS men (82) . Actin-binding-related protein T2 (ACTRT2) and endoplasmic reticulum protein 57 (ERp57) expressions were down regulated as assessed by immunofluorescence, western blot, and flow cytometry analyses (82) . TMT-labeling of the peptides obtained by protein digestion was done in a recent report so as to identify the proteins related to low sperm motility state (84) . The results concluded that the proteins involved in metabolic pathways viz., mitochondrial, cytoskeletal and vesicular trafficking proteins regulate the motility of the sperm (84). Saraswat et al performed shotgun proteomic analysis (label free-LC-MS) of the sperm cells and seminal plasma proteins in normal and AS samples and included 667 proteins for quantification in sperm samples and 429 proteins in seminal plasma samples. By using suitable statistical methods the authors inferred that sperm motility pathway defects are reflected in sperm proteomic signatures and the seminal plasma data set does not imitate any of these defective pathways (85) . In another sperm proteome analysis testisenriched missing proteins were identified (86) . Protein phosphorylation is the most commonly occurring post translational modification. Sperm motility, an imperative requisite for fertilization, depends on cyclic AMP activated protein kinase A phosphorylation of flagellar proteins like axonemal dynein which further increase motility. Keeping in view the importance of phosphorylation in sperm motility, Parte and colleagues did a comparative analysis of the phosphoencriched sperm fractions of low motility patients by ultra-performance liquid chromatography (LC-MS E ) so as to examine the altered proteins and the key pathways in the respective condition (80) . A total of 66 differentially regulated phosphoproteins related to low sperm motility condition were found. Functional annotations of these proteins revealed the involvement of cAMP mediated PKA signaling, PI3K/AKT signaling, carbohydrate and energy metabolism pathways, and pathways regulating actin based motility by Rho, thus concluding that motility is regulated through the combined action of these pathways (80).
Cell-cell interactions are pivotal for the fertilization process as the contact between the sperm and the egg is the decisive step for the future embryo. In a latest report the investigators drafted a testis/ sperm-enriched protein interaction network. Also, potential target of the interactome was validated in human spermatozoa for pharmacological intervention (87) . The study unravelled A-kinase anchor protein 4 (AKAP4), a testis-specific protein to be the interacting partner of phosphoprotein phosphatase 1 catalytic subunit gamma 2 (PPP1CC2), a protein crucial for spermatogenesis and spermatozoa motility and also revealed the potential of the complex as contraceptive target (87) . Glycosyaminoglycans (GAGs) are imperative for the cellular communications and reports from the literature suggest the role of heparin in crucial processes of capacitation and acrosome reaction. Certain heparin binding proteins (HBPs) interact with these GAGs present in the female reproductive tract thus facilitating zona pellucida induction. Our group identified and characterized for the first time seven HBPs in the normal seminal fluid using affinity chromatography followed by matrix assisted laser desorption ionization-time of flight/mass spectrometry (MALDI-TOF/MS) identification (88) . Additionally, our group also studied concavalin-A binding glycoproteins and subsequently identified them by MALDI-TOF/MS with prostatic acid phosphatase (PAP), lactoferrin, aminopeptidase N, prostate specific antigen (PSA), zinc-alpha-2-glycoprotein, prolactin inducible protein (PIP), Izumo sperm-egg fusion protein, progestagenassociated endometrial protein as the major proteins 
METABOLOMICS AND MALE INFERTILITY
Amongst all the 'omics' approaches defined till date, 'metabolomics' is recognized as the most recent and is in its infancy. Despite of being in its naive state, the scientific relevance of metabolomics is gaining elevation in the current 'omics' field. Apart from genes, transcripts and proteins being the marker of any metabolic process of a cell, metabolites also demarcate between the physiological and pathophysiological state. Within a cell, there are definite sets of metabolites, and the information corresponding to the absolute outcome and measurement of these endpoints defines the term 'metabolomics'. Accurately, 'metabolomics' is the estimation of both endogenous and exogenous metabolites such as drugs, food, etc., which correspond to small molecules of ≤ 1500Da. As said these metabolites can be both cellular (those generated via the internal cellular processes) and acellular (produced as a result of exogenously administered drugs) (91) . Since metabolites are downstream of the genes and proteins in the metabolic hierarchy of the cell, they more closely replicate the exact phenotypic state of the cell than the transcriptome and the proteome (91) .
Metabolomics inclined towards male infertility in search of biomarkers for the evaluation of the different infertility phenotypes is reported in recent literature. More recently, using the sperm proteome data a proteome-scale metabolic network model of the sperm cell, namely SpermNet has been constructed which consists of 2,968 reactions, 2,034 metabolites and 1,242 genes (92) . The model depicts that nonglycolytic pathways, like oxidative phosphorylation, fatty acid oxidation are responsible for deficient energy metabolism in AS condition (92) . In a recent finding, (1)H NMR based metabolomic profiling of males with different infertility parameters (oligozoospermia, AS, azoospermia, teratozoospermia) discovered considerable differences between the fertile and infertile group (94) . The de-regulation (up or down) of small molecules/compounds like arginine, lysine, citrate, tyrosine, fructose and proline was found to be linked with the infertile phenotypes (94) . Using the same technique the metabolome of males with low sperm motility was studied and alterations in metabolic pathways pertaining to lipid, cholesterol, nucleoside, and phospholipids were established (95) .
The most recent urinary metabolome of the oligozoospermia studied by Zang and co-workers identified reduced aspartic acid, leucylproline, and acylcarnitines and increased methylxanthine and adenine to be strongly associated with the risk of decrease in the number of sperms (oligozoospermia). The outcome of the study paid impetus to the fact that antioxidant defences in spermatogenesis regulated the oligozoospermic phenotype (93) . Spinal cord injury is reported to be a cause of male infertility as reports suggest that the sperm motility is reduced in such patients with no change on the sperm concentration. In order to trace the mechanism leading to this trait, a group of investigators used MALDI-TOF-MS to screen the lipid profile of the men with spinal cord injury induced male infertility (96) . The results exhibited increased concentration of various lipids which were related to CTP, UTP and GTP biosynthesis, arachidonic acid metabolism, and sterol biosynthesis, thus inferring that signal transduction is probably altered in these males (96) .
Oxidative stress induced as a result of imbalanced production of reactive oxygen species (ROS) and weakened antioxidant defense mechanism is the most widely studied aspect in metabolomics related to male infertility. Latest reports on metabolomics fingerprinting as determined by Raman spectroscopy suggest an imbalanced production of ROS due to oxidative stress in men with an idiopathic origin of infertility (97). Using (1)H NMR spectroscopy Zhang and colleagues reported an elevation of oxysterols such as 5α-cholesterol and 7-ketocholesterol in the seminal plasma of patients with AS, signifying the importance of oxidative stress induced mechanisms for reduction in the semen quality (95) . Likewise, variations in the metabolome of low sperm motility males were accounted by Gilany and co-workers where chemometrics was used on the patterns of Raman spectra obtained by Raman spectroscopy to analyze the metabolome (98).
INTEGRATIVE LINKS AMONG MULTI-OMICS APPROACHES FOR MALE INFERTILITY
Several studies related to male infertility based on different 'omics' technologies are already reported in the literature. To move further in the field, it is necessary to discover something relevant in the biology of male infertility with the help of existing literature. Some of the studies revealed that combination, or integrative analysis, of two different but biologically related 'omics' datasets is a more practical approach to deal with multifactorial male infertility (66). As an extension to this, Pacheco and colleagues used multiomics genome wide approaches to study the DNA methylation status and the mRNA expression in males with low sperm motility (66). The authors performed GWA of sperm DNA methylation and mRNA content and through linear models of microarray analysis (LIMMA) 9,189 CpG loci were identified having appreciably altered methylation (Q<0.0.5) in the sperm samples with low motility. 80% of the disrupted CpGs were hypomethylated and mostly associated with the imprinted genes. mRNA expression was analyzed using Human Gene 1.0. ST Affymetrix Gene Chip Array and nearly 20 candidate gene transcripts were categorized as differentially present in low motility sperm, including SIRT3 (NCBI 23410), DNMT3A and HDAC1 (NCBI 3065) (66).
In another integrome analysis, genital tract markers in human seminal plasma were discovered using an integrated genomics approach. Rolland et al identified 699 seminal plasma proteins by executing proteomic analysis and further compared their findings with other previous proteomic data sets. The authors finally reported 2545 unique proteins in the seminal plasma. Transcriptomic gene expression analysis classified 17 prostate, 7 seminal vesicle, 42 epididymis, and 83 testis candidate protein markers among those proteins. Finally, the authors validated the expression of testis-specific candidate proteins LDHC, TKTL1, and PGK2 in the germ cells and conclusively reported that these markers can suitably distinguish between the semen of fertile and infertile men (99) . In another integration analysis with respect to the men with NOA, promoter DNA methylation and mRNA gene expression was studied by comparing fibroblasts cultured from testicular biopsies using a high resolution Infinium 450K methylation array (100). Differentially methylated CpG sites and nearly 20 genes with aberrant DNA methylation were identified in men with NOA. Of these, discoidin domain receptor 1(DDR1), a hypermethylated and testis expressed gene, was selected for further validation and the abnormal gene expression pattern was exhibited (100). Moreover, quantitative analysis by bisulfite clonal sequencing showed that one of the CpG sites (cg13329862) of DDR1 promoter was hypermethylated in NOA patients compared with fertile controls (53% vs. 15%). Furthermore, immunohistochemical analysis suggests presence of DDR1 within the cytoplasm of germ cells and peritubular connective tissue (in men with hypospermatogenesis) and decreased expression of the protein in men with Sertoli-cell only syndrome (100) . As integrative data analysis reports are very limited in case of male infertility, more and more integrative biology approaches combining genome wide association, global methylation, trascriptomics, global miRNA profiling and proteomics should be done. Table 1 illustrates the different 'omics' studies related to male infertility (Table 1 ).
FUTURE OF INTEGRATION OF MULTI-OMICS DATA IN MALE INFERTILITY
The central dogma of a cell signifies that the genetic information flows in a unidirectional and irreversible mode from DNA to RNA and finally to protein. The information thus carried by the DNA dictates the ultimate end product, the protein.
In modern day biology the genetic and protein compliment expressed by a cell at a particular time is addressed as the 'genome', 'transcriptome' and the 'proteome' and the true biological state of the cell relies on the transcriptome and the proteome profile of the cell. In both normal and diseased states the gene expression status is subjected to alterations in response to the different milieus existing in the cell. Moreover, both post-transcriptional and posttranslational regulation of gene expression adds another level in the hierarchy of dynamicity of the cellular gene expression (12) . Functional approaches to study the transcriptome/genome and proteome have modified the status of 'molecular biology' to 'modular biology' where biological processes of interest are the modules to be studied. Both clinical and cellular conditions of the cell are the outcome of interplay between these individual components of the biological system. The misleading information obtained due to the false positives allied with the 'omics' approach modifies the end result. Also, the study of single annotation does not delineate the precise sketch of the gene function (101) . Thus, investigating the data obtained from 'omics' module independently does not decipher the true information as the molecular differences occur across multiple layers. All these shortcomings can be curtailed under one roof by coupling the different 'omics' datasets together so as to frame a biological hypothesis which may aid in drawing more informative conclusions.
Intergration analysis serves to bridge the gap between the 'omics' information and systems biology and evaluates the functional annotations of genes by protein-protein interactions. The directionality of the different biological networks in the module can also be judged with the help of data integration. A summary of the different 'omics' techniques is illustrated in figure 1  (Figure 1) . In other pathological manifestations, such as cancer, there are reports available that discover the new horizons by cross omics data integration, rather than with a single set of data (102, 103) . The study highlights the integration of genome wide methylation and mRNA expression in esophageal cancer thereby exploring the complex interactions involved (102) . Nowadays, plant biologists are also exploiting the intergrome data to analyze the biosynthetic pathways of plant-based medicinal metabolites (104) . Also, the cellular mechanisms imparting CHO (Chinese Hamster ovarian) cell lines their special properties for the production of biopharmaceutical molecules were elucidated by integrating the DNA methylation and gene expression data (105) . Male infertility is a complex life style related disorder and has a compound etiology resulting from multiple epistatic gene interactions. A systems biology approach integrating the high throughput 'omics' data across multiple layers, viz., genome, transcriptome, epigenome, proteome, metabolome is the instant compulsion of the hour. Implementation of this systems biology approach in understanding the process of spermatogenesis would allow a deeper insight into the disease mechanism. As large amounts of 'omics' data keep on pouring in day by day for male infertility from different worldwide populations, one can identify the common molecular alterations associated with the disorder by doing integrative analysis within or outside of the specific population. Integration analysis of the transcriptome and proteome hold immense potential in figuring out the life style related and environmental factors associated with male infertility. With the arrival of new sequencing approaches, such as next generation sequencing technology, one can easily generate different 'omics' data from the same available biological samples in a timely fashion. The major lacuna present in the field of integrative biology is the scarcity of the available bioinformatics tools. Integration of the datasets in male infertility is in its native state, as currently very few mathematical algorithms are available for cross omics data integration. The development in this field depends on the availability of interactive databases with improved functionality and also of skilled researchers who can analyze the data. Applicability of this multi-omics approach would be in the accurate identification of panel of biomarkers which would help in understanding the cause of idiopathic male infertility. Also, integromics approach may be exploited by clinicians to diagnose and treat infertile patients and take significant decisions related to assisted reproductive technique (ART). © 1996-2017 Male infertility and OMICS technologies: Infertility in males is suggested to be associated with aberrant DNA methylation, abnormal expression of ncRNAs and irregular histone acetylation discovered by various 'omic' technology-based studies (40) . The three parameters are represented in figure by redlined ovals and these are also interconnected as represented by bidirectional arrows. Accurate global hypomethylation of DNA, expression of specific set of ncRNAs and high level of acetylated histone at correct places in the genome leads to fertile male germ cells as represented by green lined rectangles. Solid green colored circles and rectangles represent different OMICS technologies used for differential profiling that leads to OMICS based male infertility markers. As different OMICS technologies have only selected information of a particular plane of condition, they all need to be integrated to deduce a multidimensional view on male infertility. © 1996-2017 
